DC-DC converters in power supplies should exhibit both high efficiency and power density. Losses in these converters can be attributed to losses in its transformer and circuit. To improve the efficiency of a switching power supply, it is necessary to reduce losses in the transformer. As the use of SiC and GaN semiconductors is becoming more widespread, it is even more important to find a way to reduce the losses in a MHz drive transformer. The losses in these transformers are primarily due to copper and iron losses. These losses can be reduced by changing the winding wire and core of a transformer. In this paper, the authors propose fabricating the winding wire and core magnetic composite materials. These magnetic composite materials comprise microscale magnetic powders and binders. The authors propose using a magnetocoated wire, which is a winding copper wire that has had magnetic composite materials plated onto it. The iron-based metal composite core is made using magnetic composite materials, which can reduce eddy current losses that a core experiences during MHz driving. This paper describes our results for an LLC resonant converter using a magnetocoated wire and an iron-based metal composite core.
Introduction
Switching power supplies are used to provide stable DC power to pieces of electric apparatus, and the DC-DC converter in such supplies should have both high efficiency and power density. To reduce the size of these converters, it is necessary to increase their switching frequency (1) - (3) . However, raising the switching frequency can result in greater power losses in a converter.
The losses experienced by DC-DC converters are primarily transformer and circuit losses. LLC resonant circuits is a reduction method for reducing circuit losses. LLC resonant circuit can reduce the switching losses by through softswitching (4)- (7) . Other methods for reducing circuit losses are through the use of SiC and GaN power semiconductors because these lead to considerably lower losses than when conventional Si semiconductors are used (3) (4) (8) . To improve the efficiency of the transformers used in DC-DC convertors, copper and iron losses need to be reduced. In order to reduce the loss of the transformer for MHz drive converter, the structure of the transformer has been investigated mainly. In particular, means for altering the winding arrangement and winding structure has been proposed for reducing copper loss (9) - (13) . Copper losses in these transformers are caused by the skin effect and proximity effect, and studies have suggested that these losses can be reduced when a Litz magnetoplated wire is used as the winding wire of the a) Correspondence to: Tatsuya Yamamoto. E-mail: 16st210c@ shinshu-u.ac.jp * Faculty of Engineering, Shinshu University 4-17-1, Wakasato, Nagano 380-8553, Japan transformer (14) - (17) . Litz wires can reduce the AC resistance that is caused by the skin effect. Magnetoplated wire (MPW) are composed of a magnetic thin film that is plated onto a copper wire, which decrease the AC resistance caused by the proximity effect; the magnetic thin film has the greater permeability and resistivity, the magnetic flux passes this film and reduce the eddy current loss in this film. However, Litz wires decrease the self-resonance frequency, as they increase the capacitance between the wires. Because the resistance increases due to this drop in the self-resonance frequency, Litz wires are not suitable for use in MHz drive transformers. The magnetic thin film of MPW is plated onto surface of wire, and this film conduct with copper wire. The material of film is used Fe mainly. Certainly, MPW can reduce the copper loss due to proximity effect. However, it is thought that the MPW has a long path of the eddy current and the loss of the film becomes large with MHz or higher frequency driving.
Fewer iron losses can be achieved through the use of core materials that have better properties; MnZn ferrite and NiZn ferrite have, for example, are widely used as the cores of transformers. Iron loss of the MnZn ferrite increases in MHz drive (18) . NiZn ferrite, meanwhile, has a small saturation magnetic flux density and so is not suitable for electricity conversion purposes.
The authors propose that the new structure winding wire and the core composed of magnetic composite materials so that copper and iron losses are reduced for MHz drive converter. Magnetic composite materials are made up of microscale magnetic powders and binders. By using microscale magnetic powder, the path of eddy current is shortened, so eddy current loss when MHz magnetic fluxes passes magnetic material can be reduced. A magnetocoated wire (MCW) is a winding copper wire (COW) that has been coated with a magnetic composite material. MCW can reduce the AC resistance caused by the proximity effect. Iron-based metal composite cores, made using magnetic composite materials can be used to reduce the eddy current losses experienced by a core during MHz driving (19) (20) . In this paper, we describe the experimental results for a LLC resonant converter that uses a MCW and an iron-based metal composite core. Figure 1 shows the method for manufacturing the winding wire and core using magnetic composite materials. The magnetic composite materials consist of a powder and epoxy. These materials are mixed together to form a slurry. MCWs are conductive wires coated with magnetic composite materials. For the iron-based metal composite core, the magnetic composite materials are put into a mold and baked in order to form the bulk magnetic core.
Structure of Transformer Using Magnetocoated Sire and Iron-Based Metal Composite Core

Winding Wire and Core Using Magnetic Composite Materials
The magnetic powder used for the magnetic composite materials are on the scale of micrometers. An eddy current loss to occur in MHz is reduced through the use of such a magnetic powder. Figure 2 shows the spray method used to manufacture the MCWs. This method sprays the magnetic composite materials onto a conductor in order to form a magnetic layer. The magnetic powder used as the magnetic composite material is an amorphous powder. The mean diameter of the grains of the amorphous powder is 2.56 μm. The loss of the magnetic layer depends on the path of the eddy current, and the loss increases as the path becomes longer. Use of micrometer order magnetic powder can reduce the loss in the magnetic layer when magnetic flux Fig. 1 . Manufacturing method of winding wire and core using magnetic composite materials in the MHz band passes. The binder is a silicon varnish. Figure 3 shows the structure of the winding wire of the transformer. The COW has a diameter of 1.45 mm, and it is plated with an 18.5 μm thick insulating film. The MCW has a magnetic layer of 70 μm to circumference of COW mentioned above. The parameter of MCW are the thickness of magnetic layer, the mean diameters of magnetic powder, mixing ratio of magnetic composite material, coating time, coating speed and so on. We decided the parameter of MCW experimentally so that MCW had flexibility. Figure 4 shows scanning electron microscope image of the amorphous powder used in the ironbased metal composite core. The mean diameter of the grains of the amorphous powder is 5.2 μm. The iron-based metal composite core consists of magnetic powder and epoxy. Figure 5 shows the complex permeability as a function of the frequency of the amorphous powder-epoxy composite material. These characteristics were measured using an Table 1 . Circuit spec of LLC resonant converter Table 2 . Circuit design calculation result of LLC resonant converter impedance analyzer (Agilent, 4294A) and a magnetic material test fixture (Agilent, 16454A). The real part of complex permeability of the magnetic composite materials using the amorphous powder was 10. The imaginary part of the complex permeability was 0.1 or less in the range up to the frequency of 7 MHz. The iron-based metal composite core experienced very low losses. Table 1 shows the circuit parameter of LLC resonant converter. The parameter of the circuit was calculated based on the parameter of this table (21) . Table 2 shows the calculation result of circuit parameter for LLC resonant converter. The transformer was produced experimentally based on this calculation result. Figure 6 shows the structure of the transformer using the LLC resonant converter. The shape of the core is EER35D, and it has a shorter magnetic path length. The turn ratio of the primary and secondary coils is 4:3. Although the turn ratio is different from the calculation result, it was set to 4:3 to match the 
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Impedance Characteristics of Transformer Using Magnetocoated Wire and Iron-Based Metal Composite Core
The impedance characteristics of the transformer for the LLC resonant converter using COW and MCW were compared. These characteristics were measured using an impedance analyzer (Agilent, 4294A). Figure 7 shows the resistance versus the frequency characteristics of primary-side coil in transformer. In this figure, R dc + R s is the calculated value by theoretical calculation method (16) . The resistance of the transformer can be divided into the following four factors; R dc is DC resistance, and R s is AC resistance due to skin effect, R p is AC resistance due to proximity effect, Ri is resistance due to iron loss. Calculating R p and Ri of the transformer is difficult because the magnetic flux distribution is complicated by the core. The difference between measured and calculated values of R dc + R s is the resistance of R p + R i . At frequency 4 MHz, the resistance of transformer using COW was 174.3 mΩ, and using MCW, it was 145.6 mΩ. Thus, the MCW resistance was lower by 16 .4% compared to that of the COW. This reason is the reduction of the resistance due to the proximity effect when MCW was used. Figure 8 shows the primary inductance and leakage inductance versus the frequency characteristics of transformer. At frequency 4 MHz, the leakage inductance of Fig. 8 . Inductance vs. frequency characteristics of the transformer transformer using COW was 171 nH, and using MCW, it was 200 nH. Thus, the MCW leakage inductance was higher by 16 .9% compared to that of the COW. This reason is the magnetic layer of MCW acts as a shield and the number of flux linkages of the secondary side coil decreases when MCW was used. If the excitation inductance is increased, it is expected that the excitation current decreases and the efficiency improves. However, this value is set to this value because resonance loser to occur. Figure 9 shows the circuit structure of the LLC resonant converter. The FET used in inverter is a GaN FET. C r is a resonance capacitor connected to the primary side of the transformer. L sh is the leakage inductance of the transformer, and it is used for the resonance inductor. L m is the excitation inductance. C r , L sh , and L m are connected in series. The secondary side of the transformer is connected using rectifier diodes. The switching frequency of the converter was 3.5-4 MHz. This is a frequency that can be driven by GaN FET. Figure 10 shows the simulation circuit structure of LLC resonant converter. The parameters of the circuit were determined from the circuit calculation and the measurement result of transformer. LTspice XVII was used for circuit analysis. Figure 11 shows the simulation result of circuit analysis of LLC resonant converter. The phase of the transformer current is delayed with respect to the switching voltage, and soft switching is established. Figure 12 shows the switching frequency vs. output power characteristics of the LLC resonant converter using the COW and MCW transformers. The effect of the leakage inductance increases by using MCW on switching frequency is little.
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The loss factor of DC-DC converter is circuit loss and copper loss and iron loss of transformer. The circuit loss mainly occurs in the switching FET of the inverter circuit and the diode of the rectifier circuit. Separation of converter losses is difficult. In order to confirm the loss reduction effect by using MCW, the same circuit and core of transformer were used to measure the efficiency when winding wire of transformer were COW and MCW. Figure 13 shows the efficiency η versus the output power Po of the LLC resonant converter using the COW and MCW transformers. The efficiency of converter was measured with a power meter (Yokogawa, WT1800). At the output power of 24 W, the efficiencies of COW and MCW are 90.7% and 91.9%, respectively; thus, the efficiency of the MCW is improved by 1.2%. At the output power of 60 W, the efficiencies of COW and MCW are 86.9% and 89.2%, respectively; thus, the efficiency of the MCW is improved by 2.3%. This reason is the reduction of the resistance due to the proximity effect when MCW was used. Figure 14 shows the power loss P loss versus the output power Po of the LLC resonant converter using the COW and MCW transformers. This power loss is the loss of all circuit include the circuit loss and copper loss and iron loss of transformer. At the output power of 60 W, the power loss of COW and MCW are 9.0 W and 7.3 W, respectively; thus, the power loss of the MCW is improved by 18.9%. This reason is the reduction of the resistance due to the proximity effect when MCW was used. Figure 15 shows the distribution of the surface temperature of the transformers winding using COW and MCW. The temperature inside the winding wire is difficult to measure; therefore, the surface temperature was measured. The surface temperatures of COW and MCW at the output power of P o = 60 W are 113.9
Temperature Increase in the Transformer
• C and 85.9
• C, respectively; thus, the • C less than that of COW. This lower increase results from the greater ability of MCW to reduce AC resistance compared to COW.
Conclusions
The main contributions of this study are as follows. 1) Impedance characteristics of the transformer.
At the frequency of 4 MHz, the resistance of the primary coil is 174.3 mΩ, using COW, and 145.6 mΩ, using MCW. Therefore, the resistance of the MCW is 16.4% lower by than that of COW. By using MCW, the magnetic flux is induced in the magnetic layer, thereby reducing the resistance caused by the proximity effect. 2) Efficiency and power loss characteristics of the LLC resonant converter.
At the output power of 60 W, the efficiencies of COW and MCW are 86.9% and 89.2%, respectively; thus, the efficiency of MCW is higher by 2.3%. This is attributed to the reduction of the resistance due to the proximity effect when MCW is used.
We proposed the new structure winding wire and core for transformer in MHz drive converter. The magnetic layer of winding wire and core are made by using magnetic composite material. The iron-based metal composite core can reduce the iron loss due to the eddy current loss by using micro scale amorphous powder. And MCW can reduce the resistance due to the proximity effect because it has a magnetic layer. The MCW and iron-based metal composite core is effective for loss reduction of the MHz drive converter.
